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STRUCTURE AND ION THANSPORT IN POLYMER-SALT COMPLEXES

D.F. Shriver4, B.L. Fapke®, M.A. Ratner3,

R. Dupon®, T. Wongb, and M. Brodwinb

. cpartment of Chemistry, YDepartment of Electrical Engincering, and
' ' : 8,byatcrials Rescarch Center
Nor‘hwestern University, Evanston, IL 60201 U.S.A.

Polymer slectrolytes hased on alkali metal complexes of polyethers and cross-linked
polyethers have sipgnificant cation mobility, which appcars to arise from large-
smplituct: motions of the polymer. High chain flexibility not only promotes ion
streansposy but it also is important for the initial formation of polymer-salt
complexes. Several new polymer electrolyte systems are discussed which contain
flexibVe polymer backbones and high concentrations of polar groups.

IV TRODUCTION

Y8k synthesis and characterization (l-4) of
1olvent-free alkali metal salt complexes of
ply(ethylene oxide), PEO (1), prompted de-
tmiled clectrical measurements with the thought
that these materials might prove to be useful
electrolytes for high eneigy density batteries
(5,6). One potential advintage of polymer elec-
trolytes is that they shoild conform to solid
electrodes throughout chatging and discharging
eycles, aad therefore facsilitate the develop~
ment of new high energy density solid state
batteries.. There are many fundamental aspects
of polymer electrolytes which are ripe for
fovestigation: the chemical variables which
influence eleztrolyte formation, the relation-
ships between structure of the polymer electro-
lytes and ion transport, and the detailed mecha-
nisms for ion transport., This paper surveys
aecomplishmen:s in the field of polymer electro-
t¥tes, vith aa emphasis on polymer-salt complex
‘$rmation and ion transport mechanisms as
evealed by tlie comparison of various response
.poperties of the polymer electrolytes. This
sscount will ot cover any of the solvent swol=-
1. & polymer electrolytes, such as traditional
femexchanger: or solvent countaining polymer
merbranes (7,8,

=0~CRy-CR2-

(1)
Rely(ethylene oxide)

POLYAER-SALT CIMPLEX FORMATION

8imple ethers md short-clhain polyethers are
1aell khown as solveuts for alkali metal salts,
sud cyclic ethers (crown others) are effective
wemplexing agents for alkali meeal cations.
Murthe rmore, complex formation between hiph
suleculle weipghit polvethens dnd alkali metal
s1dts {8 known (D occur irt methanol solution
(U, "tn all of these cases the dominant inter-
scitfon s the coscdination 21! ether oxypren
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atoms to alkali metal cations. The formation
of solid polyether salt complexes fits well
into this general pattern.

If we make the approximation that entropic fac-
tors, polymer reorganization energies, and
regsidual cation-anion coulombic cnergies are
constaant for the formation of the various poly-
mer salt complexes, for any given polyether and
any given cation the formation of complexes
should closcly correlate with lattice energies,
of the alkali metal salts. As shown in Table
1, this type of correlation does have general
validity, since complex formation is restricted
to the salts of a particular cation which are
below a threshold lattice energy. In keeping
with this generalization, the lowest lattice
energies and the highest propensities toward
complex formation are found for alkali metal
salts having large anions, such as I-, Cl04~,
and SO3CF3~.

The stoichiometry of polymer—salt complex for-
mation cannot be defined with the precision
characteristic of the phase relationships for
most simple inorganic systems. Nevertheless,
an approximate limiting stoichiometry around 4
moles of polyether oxygen per mole of alkali
metal salt is observed for many of the polymer-
salt ianteractions (1,5,8). Recent research in
sur laboratory provides a number of examples in
which higher salt concentrations are possible,
such as PEO-3.5NaBH;. This higher salt concen-
trstfon may arise from the partial filling of
the coordination sphcre of the Na* by tight ion
pafring with the BH;™ anion. FEvidence for such
fon pairing is available from both conductivity
and spectroscopic measurements (9). By con-
trast, the NalB(Cgls)yl complexes with PEO
wvhich we have prepared to date have on the
order of 7:1 ratio of ether oxygeus to alkali
wetal ion. Presumably, in this case the bulk
of the counter ioa, B{CgNs),~, prohibits the
formatfon of complexces with higher concentra<
tions of nalt,
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" Table 1. Comparison of PEO-Salt Complex

Formarion with Lattice Encrgies of the
Pure Salts.8,b

Li* Na* x* Rb* cs*
No Yo No No No
r 1036 923 821 785 740
] M .. . .
Yes | No No No No
[+ g 853 186 115 639 659

- No - - -
CH3C00™ 881 763 682 656 (682)

- No - - No
RO3™ 848 7156 687 658 625
- No - - . -
RO~ - 748 664 765 {598)
Yes Yes No No Yo
3™ 807 747 682 660 631
- No - - -
N3~ 818 731 658 632 . 604
- Yes - - -
BHg" (778)  (703) | (665)  (548) (628)
Yes Yes ? No No
Ra 757 104 644 630 604
Yes Yes Yes Yes Yes
SCR™ 807 682 616 619 568
~ Yes Yes - - -
cle”~ 723 648 602 582 542

Yes Yes Yes Yes Yes
CPys03~ (<725) (<650) (<605) (<585) (<550)

Yes Yes - - -
BEg” (699) 619 631 605 (556)
Yes Yes Yes Yes Yes

BPhy~ (<7000 (<630) (<630) (<600) (<556)

880 = no solvent free complex formed; Yes =
soluent free complex formed; Vdlues in paren-
theses are either theoretical or estimated
latcice energies,

dCosplex formation data is from reference (8)
or the present work., Lattice energies are in
kJ/mole from Jenkins, H.D.B. and Waddington,
T.C., &8s qucted in The CRC Handbook of
Chemistry and Physics, volume 61, Chemical
Rubbeir Publishimg Co., Cleveland Ohio, 1980-81.

One aixractive method for the preparation of
complexes havink BNe maximum salt concentration
{8 the exposure of a polymer (ilm to a saturated
soluticm of the salt in a solvent in which the
pute polymer and the complex are insotuble,

This method will in principle lead to the ther-
nodynanically stable polymer complex of maximum
salt content, providing that the polymer is not
swollen by the solveat and that the relaxation
of the polymer chains is complete. Other
methods for complex formation include the
removal of solvent from s solution containing
the polymer salt complex (1,5), and dissolving

" fine particles of the salt in the solid or the

molten polymer.

'Ai rescarch on polymer electrolytes progresses

toward more precise determinations of electri-
cal properties, greater attention vwill have to
be paid to the influence of impurities. Com-
mercial polymers often contain significant con-
centrations of impurities, such as catalyst
residucs and water. For example, poly{ethylene
oxide) contains several per cent of inorganie
impurities, the majority of which can be
removed by passage of an aqueous solution of
the polymer through a mixed bed ion exchange
column (10). In addition, the PEO salt com~
plexes are hygroscopic, with the lithium salt
complexes being particularly so. Water has
been shown to have a large influence on the -
electrical properties of some lithium complexes
(11), therefore systematic control and moni-~
toring of water caontent is importaat. Infrared
spectroscopic detection of the broad and
intense water features around the 3,300 and
1,600 cn~! regions provides a sensitive probe
for the presence of adventitious water,

NEW POLYMER-SALT COMPLEXES

Poly(propylene oxide) and poly(epichlorohydrin)
have received attention as host polymers for
alkali mctal salts., As with poly(ethylene
oxide), all of these systems are based on a-
backbone of ether oxygens scparated by two~
carbon moieties (structures I, II, and III),

2C1 Eﬂs
-0-Clly-CH- ~0-Citp-Cii-

(11) (111)
Poly(epichlorohydrin) Poly(propylene oxide)

Samples of (ITI), which have been investigated
in Armand's laboratory, and (I1), which have
been investigated in ours, were commercial
stactic materials which produce amovphous com-
plexes, Experiments with stereorcgulac ana~-
lopues of these materials should provide useful
clues to the steric factors which govern poly=-
mer-salt electrolyte formation. With the
possible exception of poly(epichloroliydrin) the
polycthers are attractive because they should
exhibit & hipgh depree of chemical inectness,
The experimental situation with respect to the
stability of the polycther clectrolytes is i
unscttled., Armand ohserved a 4V stabilicy

ranpe for PEO-NalSO3CF3] (12) and he reported

that the PEQ-Lil elrctrolyte is stahle to Li as

judped by cyclic voltammetry (8), whereas

Archer and Armstronp prescent some evidence fore

the formation of & resistive layer at the Li-
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electrolyte interfoce (13). The exclusion and
wonitocing of impucitiere such a3 Ny (which
forma a nitride with Li) end iho will be par-
‘ticularly impagnant in the delermination of the
stability of tiuse electrolytcs, |

A sot of gencral polymer attributes which
showld be conducive to polymer-salt compicx
‘formation is presented herc, -slightly modified
fram the origival form (10): 1. The polymer
‘shauld have a liigh concentratioa of polar
graups, which vill effectively solvate the
cstion and/or anion. 2. The: polymer backbone
stould be highly flexible to permit polymer
yeorganization and cation salvation, 3, In
general the polymer should have a low cohesive
exergy density to produce a favorable free
emergy change: upon polymer-salt interaction.
Fdctors 2 and’ 3 are associated with propertics
such as low glass transitioan temperatures, Tps
and low nelting points. ;
Pétentially effective polar groups for polymer
clectrolytes are suggested by the functional
groups found in polar organic solvents such as
sulfoncs, sulfoxides, nitriles, esters, amides,
amines, imires, ketones, and sulfides., Unfor-
ztinately most of these groups are more electro-
shemically sctive than ether linkages. Imitial
‘mesults fromr studies in our laboratory on new
flost materiials containing some of these polar
groups have produced encouraging indications
that many .tw polymer electrolytes may be pre-
pared. The most thoroughly studied new polymer
host is poly{ethylene succinate), IV, which has
been found to form complexes with Li[BF4]),
Pilcrgcozl, Li[so3C¥al, and Na[S03CF3).

-0 0o
[ [
=OCH2CH20CCHCH2C-
aw)

~ oly(ethylene succinate)

'coaplexes bawing 2:1 polymer repeat units per
formula unifz of salt have becn prepared and
there are good indications that higher salt
eoncentrations can be achieved. Conductivities
on the order-of 1.3 x 1077 ohm~l em~l were
ebtained for the Li[53F,] salt at 41°C. A quite
pifferent serics of complexes was prepared from
gly(ethylene sulfide), V, or poly(propylenc
mlfide), VI, vith silver salts such as Ag{NO4)
and AplSO3CF3). The 5:1 poly(ethylene sulfide)-
Ap(SO3CF3) complex displayed a conductivity of
wbout 4.6 x 10-7 ohm™1 cm”l at 65°C.

p—

=SCHCT5» =§CHCH2CH~

} 4] . (v1)
rcly(ethylentraultide) Poly(propylene sulfide)
#ni interestin; g srw approach to polymeric con~
dugtors is tha>uee of cross-linked tctvorks of
fore molecular aight poly(etloylene oxide) into
vhich a salt i:siatroduced (15,19). The inteat
with theae matetials is to achirve a combination
07 gpod wmechanicod and electrical progerties,

 STRUCTURE OF POLYETHER SALT COMPLEXES
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The structures of pure poly(ethylenc oxide) and
of & HpCly~PEO cumplex are known from X-ray
structurce determinations combined with vibra-
tionnl spectroscopy (16,17). The pure polymer
connists of an cxtended helix, having a fiber
repcat distance of 19.48 A, and the mercuric
chloride complex consists of a zipzap polymer
backbone with oxypen atoms coordinated to mec-
cury. A similarly detailed X-ray analysis of
the alkali metal salt complexes of PEO has not
been carried out. In their original wock on
the PEO complex with KSCH, Fenton, Parker, and
VWright determined an X-ray fiber repeat dis-
tance of 8.1 A (1). More recent dctailed infra-
red and Raman spectroscopic data have revealed
several structural features (10). Mid-infrared
data indicate that the OCH2-CH70 moicties
assume a gauche conformation® Raman data in a
similar frequency range provide evidence for a
symmetrical breathing mode churacteristic of
Dn-Na stretching motion, and the far~infrared
displays bands which are characteristic of
translational modes for alkali metal ions in a
solvent cage. Significantly, these latter
features scale approximately as the square root
of the mass of the alkali metal ion and are
independent of the nature of most anions. A
structural model which is consistent with these
vibrational data and the X-ray fiber repecat
distance is a sequence of traans(CC-0C),
trans{C0O-CC), gauche(0C-CO), trans(CC-0C),
trans(CO-CC), and gauche-minus(0C-CO) coufor~
mations. This results in a helical configura-
tion having an interior channel linad with
ether oxygen atoms, and large enough to accom-~
modate a K* ion (10). A view down this helical
tunnel is given in Figure 1. The anions appear

-t

Figure 1. Viewv down the sxis of the ptoposgd
helical confipuration for the PEO backbone in
ite complexes wvith sodium salts.

—taban
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10 e outside the helix, with no direct
cation-anion contact o most caves,  The lack
off cvystallinity for the rubtidium and cesium
pd® complexen is consistent with this model
biccanae the helical channel is too small to
rmecommodate these cations,

i double helix of intertwined PO chains has
been proposed to accommodate recent estimates
uf the unit ecll dimensions for PEO-NaSCN
obtained from X-ray difirvaction on oriented
polycrystalline material (18). This particular
model, however, places some of the OCH3~CH20
groups in a nearly eclipsed confipuration which
would suffer from unfavorable repulsion of non-
bonded atoms. The structures of polymers are
alvays difficult to determine and these complex
systems are particularly so.

CONDUCTIVITY AND ION TRANSPORT MECHANISMS

Transference number messurements st 23.5°C for
PEO-NaSCN denonatrate thac t(Na*) is very close
to 1.0 (19), and unpublished NMR results indi-
cate that ¢(ti*) > 0.95 for a polyacher lithium
electrolyte (8). In addition, a variety of
evidence indicates that anions have finite buc
very small mobilities in these materials. For
example, complexes can be formed from solid
salt plus solid polymar and conversely a second,
salt phase can be observed to form below the
melting range of some salt-vich complexes.

The simplest temperature dependent conductivi-
ties are exhibited by highly crystalline com-
plexes such as those between sodium salts and
PEQO. The early reports on these materials gave
two linear segments in the log ¢ vs 1/T plots
(2,20). - Recently independent research in two
laboratories has demonstrated that the two-
slope bchavior disappears when the conductivity
experiments are performed on fully complexed
materials (9,18). The break observed in the
original reports on the low salt materials is
close to the melting temperature trauge of PEQ,
and the interpretation which we prefer is that
this break is associated with the melting of
residual pure or lightly doped PEO,

The non-crystalline polymer elcctrolytes such
as those of poly(propylenc oxide) alkali metal
salts or PEO with rubidium or cesium salcs,
display curved log 0 vs 1/T behavior (21). The
empirical Vopel-Tamman-Fulcher equation, 1,
wvhich describes transport properties in viscous
media, appears to fit the temperature depra~
dence of the ionic conductivity very well (21),

ge oo cxp(T_T - m

In this equation A, 8, and T, are cmpicical
aonstants, with T, corresponding Cairly closely
to the glass trnmsition tewmperature, Tp, of the
patymer complex, This functinnal dependrace may
be deacribed hy a mndel in which mation of the
polymer chain ia crucial for the ion tranaport

process,. From ecnergetic conaiderations §¢
appears most likely that the cation mives with=
Cat breaking miay cation=oxypen interact ions
(22). Thua large anplitude polymer sepment
motions coupled with the breaking and making of
one or. possibly twd cation-oxypen’interactions
per cation provides a means of cation transport
which is guite unlike the hopping mechanism com=
monly observed for simple inorpanic clectro-
lytes. The inmportance of the glass transition
temperature, and therefore the polymer segmental
motion, has been demonstrated experimentally for
the polyurethaue-tyvpe polyether nctwork com-
plexes (23), for which the glass transition tem—
perature can be varied widely, There is a clear
indication that a fruitful approach to increased
ion mobility in polymer electrolytes is to seek
systems in which Ty is as low as possible.

Even though linear log o vs 1/T plots are ob~
tained for crystalline polymer complexes, such
as PEO with lithium, sodium, and potassium salts,
it appears likely that polymer motions are
strongly coupled to the ion transport process in
these materials as well, Microwave measurements
indicate that the highly crystalline complexes
exhibit strong conductive response in the GHz
region which is comparable to that of pure PFO
(24) and this responsc is attributed to high
frequency segmental motion of the polymer dack~-
bone, Below 1 MH2z the ion contaiaing polymer
has much higher conductivity than the pure
polymer, Figure 2. This observation affords
evidence that in the crystalline PEO salt com~
plexes the low frequency ion motion is assisted
by higher frequency polymer motion.

L 13 L L]

---=- PEO
103} —— PEONaSCN

22°C )

[J
»
]
/]
l

IONHz OIGHz lGHz IOGHl
f

Figure 2, Varishle frequency conductivity of
pure PEO ==~ and 4,5PE0 -HaSCN eae,
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One oustanding problen is the :(fect of polymer
orlentation on conductivity, As yect there have
been no reports of ayatematic coaductivity
measurementa on oricnted prlymer electrolytes,
Our understanding of the (on tranaport mecha-
nisms also would be improved Yz information on
the volume of activaties for ion transport,
which will require the measurement ol condme-
tivitics under hWydrastatic pres-vros.  Sone
preasure dependent polymer electrolyte comduc~
tivity data have be'ay reported under nonitydro-
static conditions .¢5), :

CONCLUS1OMNS

The ficld o polymer electiplytes has developed
rapidly. Quutitative microscopic theories for
fon transpo i archanisms in these matcvials are
not yet availible, but sone qualitative concepts
vith predictive value hava emerged. Of the cur~
rently kuo m systems, perHaps the most promising
for roos tcmperature battery clectrolytes are
the ligdt.y cross-linked polyethers, for which
the recuiced low Ty can be fairly readily
sttaiicd.. It was recently estimated rhat a
polyethes with Ty = -80°0 should dispYay a con-
ductivity in the 1073 to 10~% range ar room tem-
peratucy (23). This is sufficiently high to
offer cansiderable incertive for further
reseai-d oa these materials,
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